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Subarachnoid hemorrhage (SAH) is a critical neuro-
surgical phenomenon that is often coupled with sev-
eral interrelated complications such as acute/delayed 

cerebral vasospasm, brain edema, obstructive/communi-
cating hydrocephalus, diffuse/focal cerebral ischemia or 

infarction, and lasting cognitive deficits.22,25 In China, the 
SAH-related morbidity rate is about 1.75 per 10,000.30 
Despite recent progress in microsurgical and endovascular 
surgical techniques, the outcome of patients who suffer an 
SAH remains disappointing.

abbreviatioNs ARE = antioxidant-responsive element; DMF = dimethylfumarate; EBI = early brain injury; ELISA = enzyme-linked immunosorbent assay; EMSA = elec-
trophoretic mobility shift assay; FJB = Fluoro-Jade B; GSH-Px = glutathione peroxidase; GST-α1 = glutathione S-transferase α1; HO-1 = heme oxygenase 1; IL = interleu-
kin; Keap1 = Kelch-like ECH-associated protein 1; MDA = malondialdehyde; MWM = Morris water maze; NQO1 = quinone oxidoreductase 1; Nrf2 = nuclear factor erythroid 
2-related factor 2; PBS = phosphate-buffered saline; SAH = subarachnoid hemorrhage; SOD = superoxide dismutase; TNFα = tumor necrosis factor–α. 
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obJect Oxidative stress and the inflammatory response are thought to promote brain damage in the setting of sub-
arachnoid hemorrhage (SAH). Previous reports have shown that dimethylfumarate (DMF) can activate the Kelch-like 
ECH-associated protein 1–nuclear factor erythroid 2-related factor 2–antioxidant-responsive element (Keap1-Nrf2-ARE) 
system in vivo and in vitro, which leads to the downregulation of oxidative stress and inflammation. The aim of this study 
was to evaluate the potential neuroprotective effect of DMF on SAH-induced brain injury in rats.
methods Rats were subjected to SAH by the injection of 300 ml of autologous blood into the chiasmatic cistern. Rats 
in a DMF-treated group were given 15 mg/kg DMF twice daily by oral gavage for 2 days after the onset of SAH. Cortical 
apoptosis, neural necrosis, brain edema, blood-brain barrier impairment, learning deficits, and changes in the Keap1-
Nrf2-ARE pathway were assessed.
results Administration of DMF significantly ameliorated the early brain injury and learning deficits induced by SAH 
in this animal model. Treatment with DMF markedly upregulated the expressions of agents related to Keap1-Nrf2-ARE 
signaling after SAH. The inflammatory response and oxidative stress were downregulated by DMF therapy.
coNclusioNs DMF administration resulted in abatement of the development of early brain injury and cognitive dys-
function in this prechiasmatic cistern SAH model. This result was probably mediated by the effect of DMF on the Keap1-
Nrf2-ARE system.
http://thejns.org/doi/abs/10.3171/2014.11.JNS132348
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Our previous study demonstrated that the activation 
of nuclear factor erythroid 2-related factor 2 (Nrf2)–me-
diated antioxidative signaling may lead to diminution 
of the degree of early brain injury (EBI) after SAH.5 
At the same time, antiinflammatory therapy has also 
been proven to have beneficial effects in SAH models.7 
Dimethylfumarate (DMF), the main ingredient of an 
oral formulation of fumaric acid,9,21 was recently shown 
in pivotal Phase III trials to ameliorate the course of re-
lapsing-remitting multiple sclerosis.8 Basic research has 
shown that the neuroprotective effects of DMF may be 
functionally attributable to its ability to upregulate the 
signaling system of the Kelch-like ECH-associated pro-
tein 1 (Keap1)-Nrf2–antioxidant response element (ARE) 
pathway and inhibit the expression of multiple neuroin-
flammatory mediators.1,15,18,27 We hypothesized that DMF 
would attenuate the development of EBI and promote 
neurobehavioral recovery after SAH, mechanisms that 
may involve Keap1-Nrf2-ARE–mediated antioxidative 
and antiinflammatory actions.

methods
animals

Male Sprague-Dawley rats (weighing 300–350 g) were 
purchased from the Animal Center of Soochow University 
(Suzhou, China). All procedures were approved by the 
Institutional Animal Care Committee and were in accor-
dance with guidelines of the National Institutes of Health 
on the care and use of animals.

rat sah model and physiological variable monitoring
Each rat was anesthetized intraperitoneally with ure-

thane (1000 mg/kg), and its head was fixed in a stereo-
tactic frame on heating pads. Rectal temperature was 
recorded and maintained at 37°C throughout the surgery 
and the recovery period. Mean arterial blood pressure was 
monitored with polyethylene tubing (PE50) that was can-
nulated into the tail artery. At the same time, the arterial 
blood gas was measured by a blood gas analyzer (BJ05–
840, Bayer) 3 times (before and after surgery and before 
planned death). The experimental SAH model was pro-
duced by the injection of 300 ml of autologous blood into 
the prechiasmatic cistern; the needle, with a rounded tip 
and a side hole, was inserted with stereotactic guidance, 
according to the procedure in our previous study.5

experimental design
We established the following 4 experimental groups in 

a randomized fashion: 1) the control group (n = 20); 2) 
the SAH group (n = 20); 3) the SAH+vehicle group (n = 
20); and 4) the SAH+DMF group (n = 20). Rats in the 
SAH+DMF group received 15 mg/kg DMF orally twice 
daily for 2 days after injury.8 Rats in the SAH+vehicle 
group received equal volumes of vehicle (saline) on the 
same schedule. In the first experimental setting, the ani-
mals were decapitated 48 hours after SAH, and tissue as-
says were performed (n = 10 in each group). In the second 
experiment, the animals were trained and evaluated in a 
Morris water maze (MWM) (n = 10 in each group).

tuNel and Fluoro-Jade b staining
Apoptosis was detected using TUNEL according to 

the manufacturer’s protocol (DeadEnd fluorometric kit; 
Promega). Fluoro-Jade B (FJB) (Histo-Chem, Inc.) was 
used as a marker of neuronal injury. Every third coronary 
section starting from 3.0 mm posterior to the optic chias-
ma was collected, and a total of 6 sections from each ani-
mal were used for quantification. Data collected included 
the final average number of TUNEL-positive cells in the 6 
sections for each sample. The number of positively stained 
cells in each section was counted in 10 microscope fields 
(at ×200 magnification) throughout the identical regions 
of the studied brain, and the mean percentage per visual 
field was calculated. The entire process was conducted by 
2 technicians blinded to the group assignments.

behavior testing
Spatial learning and memory, including cued learning 

procedures, spatial acquisition tasks, reference memory 
tasks, and working memory tasks, were assessed by using 
the MWM according to the process used in a previous 
study.10

western blot analysis
Western blot analysis was performed according to our 

previous study.26 We used primary antibodies directed 
against Keap1, Nrf2, and heme oxygenase 1 (HO-1) (all 
diluted 1:200; from Santa Cruz Biotechnology) in phos-
phate-buffered saline (PBS) plus Tween 20 (PBST) at 
dilutions of 1:200, and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) (diluted 1:8,000 in PBST; Sigma-
Aldrich, Inc.) was used as a loading control.

Nuclear protein extract and electrophoretic mobility shift 
assay

Nuclear protein was extracted and quantified as de-
scribed.15 Electrophoretic mobility shift assays (EMSAs) 
were performed using a commercial kit (Gel Shift 
Assay System; Promega) following the methods used 
in our laboratory. The Nrf2 oligonucleotide probe 
(5′-AGTTGAGGGGACTTTCCCAGGC-3′) was end la-
beled with [g-32P]ATP (Free Biotech). EMSAs were per-
formed according to the protocols in our previous study.6

immunohistochemical study
Immunohistochemistry of formalin-fixed paraffin-em-

bedded sections was performed to determine the immu-
noreactivity of Keap1, Nrf2, and HO-1 according to the 
protocols in our previous study.5 Sections were incubated 
with primary antibodies (all diluted 1:200; from Santa 
Cruz Biotechnology, Inc.) for 1 hour at room temperature, 
followed by a 15-minute wash in PBS. Sections were incu-
bated with horseradish peroxidase–conjugated IgG (1:500 
dilution; from Santa Cruz Biotechnology, Inc.) for 60 min-
utes at room temperature. 3′-Diaminobenzidine was used 
as the chromogen, and counterstaining was performed 
with hematoxylin. Sections incubated in the absence of a 
primary antibody were used as negative controls.

J Neurosurg  Volume 123 • October 2015916

Unauthenticated | Downloaded 05/23/23 11:17 PM UTC



dimethylfumarate and subarachnoid hemorrhage

Quantitative real-time polymerase chain reaction
The mRNA levels of HO-1, reduced nicotinamide-

adenine dinucleotide (phosphate) [NAD(P)H]–quinone 
oxidoreductase 1 (NQO1), and glutathione S-transferase 
α1 (GST-α1) were determined by quantitative real-time 
polymerase chain reaction according to the procedures in 
our previous study.26

enzyme activity assay
The protein levels of NQO1 and GST-α1 were analyzed 

according to the protocols in our previous study.29 All val-
ues are expressed as nanomoles per minute per milligram 
of protein and were analyzed by an experienced research 
technician, who was blinded to the experimental condition.

measurement of oxidative stress
Malondialdehyde (MDA) levels were determined by 

using the method described in previous studies.16,19 Tissue 
superoxide dismutase (SOD) enzyme activities were deter-
mined with the RANSOD SOD assay kit (Randox). A tis-
sue glutathione peroxidase (GSH-Px) assay kit (Northwest 
Life Science Specialties) was used to determine tissue 
GSH-Px activity, and this assay is an adaptation of a meth-
od used in previous studies.16,20

enzyme-linked immunosorbent assay
The levels of inflammatory mediators were quanti-

fied using specific enzyme-linked immunosorbent assay 
(ELISA) kits for rats according to the manufacturers’ in-
structions (TNF-α from Diaclone; interleukin 1b [IL-1b] 
and IL-6 from Biosource Europe SA) and our previous 
study.6 Values are expressed as nanograms/gram of pro-
tein.

statistical analysis
All data are presented as means ± SEM. SPSS 12.0 

was used for statistical analysis of the data. All data were 
subjected to 1-way ANOVA. Differences between the ex-
perimental groups were determined by Fisher’s least sig-
nificant difference posttest. Statistical significance was 
inferred at a p value of < 0.05.

results
general observations

No significant changes in body weight, mean arterial 
blood pressure, temperature, or injected arterial blood gas 
data were detected in any of the experimental groups (data 
not shown). The mortality rate of the rats in the control 
group was 0% (0 of 20 rats), and it was 20% (15 of 75 rats) 
in the SAH groups. As shown in Fig. 1B, the rats in the 
SAH groups exhibited blood clots over the basal surface 
of the brainstem and the circle of Willis.

supplement of dmF ameliorated ebi after experimental 
sah

A significant increase (p < 0.05) in water content was 
detected in the brain samples 48 hours after SAH com-
pared with rats in the control group (Fig. 1D). The mean 

value of the brain water content in the cortex was de-
creased by DMF administration (p < 0.05) compared with 
that in the SAH+vehicle group. Few TUNEL- or FJB-
positive apoptotic cells were found in the control rat brains 
(Fig. 1A and C). In the SAH and SAH+vehicle groups, the 
apoptotic and necrotic indices in the cortex were found 
to be significantly higher than those in the control ani-
mals (p < 0.01) (Fig. 1A and C). There was no statistically 
significant difference between the SAH and SAH+vehicle 
groups (p > 0.05). In the SAH+DMF group, the number of 
TUNEL-positive or FJB-positive cells in the studied cor-
tex was significantly lower than that in the SAH+vehicle 
group (p < 0.01) (Fig. 1A and C).

behavior testing
A representative trial from each group is shown in Fig. 

2. For all the behavioral measurements, swimming speed 
and thigmotaxis (percentage of time spent in the perim-
eter of the pool) were evaluated, and we found no signifi-
cant differences among the 4 groups. Rats can typically 
find the visible platform, but in this study, they usually 
failed in the first trial, which happened equally across all 
groups. There were no differences in the escape laten-
cies and swimming speeds in the cued learning proce-
dure among the 4 groups (p > 0.05). Spatial learning was 
also the same for all 4 groups during the 2nd and 3rd 
days after blood injection. Spatial learning deficits ap-
peared during the 4th and 5th days in the SAH groups 
and did not appear in the control groups. The DMF group 
exhibited significantly shorter escape latencies than did 
the vehicle group during the 4th and 5th days (Fig. 2A 
and B). Animals in all groups learned to find the plat-
form to escape from the water within each testing day 
(Fig. 2A–D). However, rats in the SAH group were sig-
nificantly impaired compared with the controls (the 4th 
and 5th days); this impairment was alleviated by DMF 
but not by the vehicle. Repeated-measures ANOVA in-
dicated a significant difference in escape latencies (p < 
0.01; Fig. 2A) and swimming distances (p < 0.01; Fig. 2C) 
between the SAH and control groups, and these measures 
were also improved by DMF but not by the vehicle. When 
the escape latencies and swimming distances from all of 
the testing days were separated into the 4 daily trials, the 
escape latencies of the SAH group were significantly lon-
ger than those of the control group. The DMF group ex-
hibited significantly shorter swimming distances than did 
the vehicle group (p < 0.01; Fig. 2B). However, regarding 
the swimming distances alone, the rats in the DMF group 
exhibited significant improvement in distances over those 
in the vehicle group on the 5th day (p < 0.01; Fig. 2D).

effect of dmF on Keap1, Nrf2, and ho-1 protein 
expression in the brain after sah

To determine the effects of DMF on the Keap1-Nrf2-
ARE pathway in the cortex after SAH, Western blot 
analysis was performed to detect the changes of Keap1, 
Nrf2, and HO-1 activity, as described above. Figure 3 
shows low levels of Keap1, Nrf2, and HO-1 in the con-
trol group. On Day 2 (48 hours) after SAH, the levels of 
Keap1, Nrf2, and HO-1 were significantly increased in the 
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SAH and SAH+vehicle groups (p < 0.05; Fig. 3B). There 
was no statistically significant difference between the 
SAH and SAH+vehicle groups (p > 0.05; Fig. 3B). After 
DMF administration, the activities of Keap1, Nrf2, and 
HO-1 were markedly increased in the SAH+DMF group 
(p < 0.05; Fig. 3B). EMSA autoradiography of the Nrf2 
DNA-binding activities of brain samples is shown in Fig. 
3D. Low Nrf2-binding activities (weak EMSA autoradi-
ography) were found in the control group. Compared with 
the control group, Nrf2-binding activities in the injured 
brains were significantly increased (p < 0.05) in the SAH 
and vehicle-treated groups. In the SAH+DMF group, the 
Nrf2-binding activities were significantly upregulated (p 
< 0.05) in brain tissue surrounding the blood clot sites 
after SAH. Immunohistochemical studies showed that 
positive expressions of Keap1, Nrf2, and HO-1 were lo-
cated in the neurons and glial cells. Compared with the 

SAH+vehicle group, more positively Keap1-, Nrf2-, and 
HO-1-immunostained cells appeared in the SAH+DMF 
group 48 hours after SAH (p < 0.05; Fig. 4C).

effects of dmF on mrNa expressions of ho-1, NQo1, and 
GST-α1 in the Cortex After SAH

The mRNA levels of 3 genes, HO-1, NQO1, and 
GST-α1, were detected by quantitative real-time poly-
merase chain reaction. The mRNAs of these proteins were 
expressed at low levels in the control group. The levels of 
HO-1, NQO1, and GST-α1 mRNA were significantly in-
creased in the cortex in the SAH and SAH+vehicle groups 
compared with the control group (p < 0.05). mRNA ex-
pression was not significantly different in the SAH and the 
SAH+vehicle groups (p > 0.05). The mRNA expressions 
of HO-1, NQO1, and GST-α1 in the SAH+DMF group 

Fig. 1. a: TUNEL and FJB staining. Bar = 50 mm. b: Schematic representation of the areas taken for assay.  c: Quantitative 
analyses of necrosis and apoptosis in the each group.  d: Alterations in brain water content in the different groups. Bars indicate 
mean ± SEM (n = 10 in each group). *p < 0.05 compared with the control group. **p < 0.01 compared with the control group. #p 
< 0.05 compared with the SAH+vehicle group. ##p < 0.01 compared with the SAH+vehicle group. ns = nonsignificant. Figure is 
available in color online only.
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Fig. 2. upper: Representative images of MWM trials of the rats in the 4 groups.  lower: Spatial learning and memory in the 
MWM. Shown are escape latency and swimming distance over 16 trials (a and c) and averaged for each day (b and d) over Days 
2–5. Figure is available in color online only.
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were significantly upregulated compared with those of the 
SAH+vehicle group (Fig. 4B).

impact of dmF on expression of antioxidant and 
detoxifying enzymes in the brain

As shown in Fig. 4D, the activities of NQO1 and GST-α1 
were low in the control group. Compared with those in 
the control group, cortical levels of these antioxidant and 
detoxifying enzymes were greatly increased after SAH. 
DMF administration after SAH could lead to significantly 
increased NQO1 and GST-α1 activities in rat brain.

Influence of DMF on Oxidative Stress in the Cortex After 
sah

The tissue MDA levels and tissue SOD and GSH-Px 
enzyme activities are shown in Fig. 5A–D. SAH signifi-
cantly increased the tissue MDA levels (p < 0.05) and sig-
nificantly decreased the tissue SOD and GSH-Px enzyme 
activities (p < 0.05) when compared with controls. DMF 
treatment has shown protective effects via significantly 
decreasing (p < 0.05) the elevated MDA levels and also 
significantly increasing the reduced antioxidant enzyme 
activities (SOD, p < 0.01; GSH-Px, p < 0.05).

dmF treatment decreased cortical levels of 
Proinflammatory Cytokines After SAH

Concentrations of IL-1b, TNF-α, and IL-6 were low 
in the control group (Fig. 5D). Compared with the con-
trol group, cortical levels of the 3 inflammatory cytokines 
were greatly increased after SAH (p < 0.05). As shown in 

Fig. 5D, DMF administration after SAH can lead to sig-
nificantly decreased IL-1b, TNF-α, and IL-6 concentra-
tions (p < 0.05).

discussion
Dimethylfumarate is the methyl ester of fumaric acid, 

which was initially recognized as a very effective hypoxic 
cell radiosensitizer. Later, DMF combined with 3 other fu-
maric acid esters was licensed in Germany as oral therapy 
for psoriasis (Fumaderm).9 Other diseases, such as necro-
biosis lipoidica, granuloma annulare, and sarcoidosis were 
also found in case reports or small patient series to respond 
to treatment with DMF.28 Recently, Phase III clinical trials 
found that DMF (BG-12) successfully reduced the relapse 
rate and time to progression of disability in people with 
multiple sclerosis.8 DMF is thought to have immunomodu-
latory properties without causing significant immunosup-
pression.2 DMF was recommended for approval in the 
European Union by the European Medicines Agency on 
March 21, 2013, as a peroral treatment for multiple sclero-
sis under the name Tecfidera. On March 27, 2013, the FDA 
approved the use of Tecfidera capsules to treat adults with 
relapsing forms of multiple sclerosis.

In previous research regarding the DMF and Keap1-
Nrf2-ARE pathways,1,3,15 Linker et al.15 investigated wheth-
er DMF exerted neuroprotective effects that depended on 
the function of the Keap1-Nrf2-ARE oxidative stress re-
sponse pathway in a model of multiple sclerosis. The data 
indicated that DMF can activate the Keap1-Nrf2-ARE 
system in vitro and in vivo, which offered a novel cyto-

Fig. 3. a: Representative autoradiogram of cerebral Keap1, Nrf2, HO-1, and glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) expression after SAH. Lanes 1, control; Lanes 2, SAH; Lanes 3, SAH+vehicle; and Lanes 4, SAH+DMF.  b: Quantitative 
analysis of the Western blot results showing that the protein levels in the SAH groups were significantly higher than in the control 
group and that they were inhibited by DMF.  c: EMSA autoradiography of Nrf2 DNA binding after SAH.  d: Levels of Nrf2 DNA-
binding activity quantified by computer-assisted densitometric scanning and expressed as arbitrary densitometric units (ADUs). 
Bars indicate mean ± SEM (n = 10 in each group). *p < 0.05 compared with the control group. **p < 0.01 compared with the control 
group. #p < 0.05 compared with the SAH+vehicle group. ##p < 0.01 compared with the SAH+vehicle group. ns = nonsignificant. 
Figure is available in color online only.
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protective modality that further augmented the natural an-
tioxidant responses in multiple sclerosis tissue and was not 
yet targeted by other multiple sclerosis therapies. In both 
models of cardiac ischemia-reperfusion injury and renal fi-
brosis, previous studies also showed that DMF upregulates 
the expression of the Keap1-Nrf2-ARE pathway and pro-
tects the heart and kidneys.1,3 The role of the Nrf2 pathway 
in EBI after SAH was investigated in our previous article, 
which proved that the Nrf2-ARE pathway was activated in 
the brain after SAH and played a beneficial role in EBI de-
velopment, possibly through inhibiting cerebral oxidative 
stress by inducing antioxidant and detoxifying enzymes.5 
In this study, we researched the neuroprotective contribu-
tion of DMF on EBI after SAH, and the results indicate 
that DMF can activate the Keap1-Nrf2-ARE pathway after 
SAH and inhibit oxidative stress and the levels of multiple 

inflammatory cytokines in this prechiasmatic blood-injec-
tion model.

Cerebral oxidative stress and inflammation play an im-
portant role in the entire process of EBI after SAH.4 Free 
radicals can damage neurons and other major cell types 
in the brain by enhancing lipid peroxidation, protein oxi-
dation and degradation, and DNA damage, which results 
in endothelial injury and blood-brain barrier breakdown 
by initiating apoptotic cascades or necrotic processes.4,24 
Substantial evidence indicates a critical role of proinflam-
matory cascades in the development and maintenance of 
EBI after SAH.13,17 The Keap1-Nrf2-ARE pathway has 
been shown to repress oxidative stress and inflammatory 
responses in the brain in different animal models, includ-
ing SAH models.12,14,23,31,32 Mice with the knock-out Nrf2 
gene were shown to have more nuclear factor kB activa-

Fig. 4. a: Immunohistochemical study of Keap1, Nrf2, and HO-1 on brain samples in the vehicle-treated and DMF-treated groups. 
Bar = 50 mm. b: The mRNA expressions of HO-1, NQO1, and GSTα1 in the brains of rats in different groups (n = 10 for each 
group).  c: Quantitative analysis of immunostaining.  d: Impact of DMF on the expression of antioxidant and detoxifying enzymes 
in the brain. Bars indicate mean ± SEM (n = 10 in each group). *p < 0.05 compared with the control group. **p < 0.01 compared 
with the control group. #p < 0.05 compared with the SAH+vehicle group. ##p < 0.01 compared with the SAH+vehicle group. Figure 
is available in color online only.
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tion and cerebral inflammatory cytokine production after 
brain trauma than their wild-type Nrf2+/+ counterparts.11 
The current data demonstrate neuroprotective effects of 
DMF on SAH that may be mediated by the activation of 
the Keap1-Nrf2-ARE system, which could cause inhibi-
tion of oxidative stress and inflammation in the brain after 
experimental SAH.

conclusions
To the best of our knowledge, this study is the first to 

evaluate the effects of DMF on the EBI and secondary 
neurobehavioral dysfunction in this experimental SAH 
model, as well as the effects of DMF on the Keap1-Nrf2-
ARE antioxidative and antiinflammatory pathways after 
SAH. We found that SAH upregulates the protein expres-
sions of the Keap1-Nrf2-ARE pathway–related media-
tors, upstream (Keap1 and Nrf2) and downstream (HO-1, 
NQO1, and GST-α1) factors, in the brain tissue surround-
ing blood clots, which could be markedly upregulated by 
DMF therapy. These results suggest that SAH activates 
the Keap1-Nrf2-ARE signaling pathway in the rat brain, 
which might play a central role in the antioxidative and 
antiinflammatory effects that lead to improved outcome 
after SAH. The therapeutic benefits of post-SAH DMF 
administration might be a result of its salutary effect on 
modulating the Keap1-Nrf2-ARE signaling pathway.
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